Abstract. The present paper describes the laboratory course given at the X Mexican Workshop on Particles and Fields. We describe the setup and procedure used to measure the Cherenkov circles produced by cosmic muons upon traversal of a simple glass radiator system. The main purpose of this exercise is to introduce the students to work with multi-anode photomultipliers such as the one used for this experiment (Hamamatsu R5900-M64), with which measurements requiring position sensitive detection of single photons can be successfully performed. We present a short introduction to multi-anode photomultipliers (MAPMT) and describe the setup and the procedure used to measure the response of a MAPMT to a uniform source of light. Finally, we describe the setup and procedure used to measure the Cherenkov circles produced by cosmic muons upon traversal of a simple glass radiator system.
INTRODUCTION
Detection and identification of ionizing particles constitutes the basis of experimental high energy and cosmic ray physics. In particular, ring imaging Cherenkov detectors [1] are used to determine the velocities of charged particles by measuring the angle of their Cherenkov light cone; this light is an electromagnetic shock wave emitted when the velocity v = β c of a charged particle in a medium exceeds the speed of light c/n in that medium (c is the speed of light in vacuum and n is the refractive index of the medium). The angle of emission of this light with respect to the particle's direction of motion is called Cherenkov angle, θ c ; the latter is determined by the formula cosθ c = 1
Although the idea of determining these velocities by measuring the Cherenkov angle was proposed in 1960 [2] , the first successful laboratory tests had to wait until the 1970Šs and the first generation of operational Ring Imaging Cherenkov (RICH) detectors were built in in the 1980's; RICH detectors play an important role in several high energy physics experiments that are either in their data-taking stage or under construction [3] .
If in addition to measuring the particle velocity one can measure its linear momenta, i.e., via a magnetic spectrometer, then the particle mass can be determined, leading to the identification of the type of particle.
In this paper we describe a laboratory course on the basic detection of Cherenkov circles produced when fast cosmic ray muons traverse a 1 cm thick glass radiator. This course is based on a course given at a past ICFA School on Instrumentation [4] . The muons used are produced by decays of pions and kaons at tens of kilometers in the atmosphere; in turn, these pions and kaons are produced by primary cosmic rays interacting with the nitrogen and oxygen nuclei of the atmosphere. These secondary muons arrive at our detector from above with a mean energy of 2 GeV; their arrival rate at ground level in Morelia (2000 m.a.s.l.) is approximately 1.1 cm −2 min −1 . We use a 64-channel multi-anode photomultiplier (Hamamatsu R5900-M64) to detect the positions of the Cherenkov UV photons. We reconstruct the Cherenkov circles on-line by using a simple LabView-based data acquisition system on a PC.
EXPERIMENTAL SETUP
The laboratory session was divided into two parts. The first consists of measuring the uniformity of the response of the M64 MAPMT by using a UV-light emitting diode (LED) which illuminates the 64 MAPMT channels in a uniform way. The second part consists of measuring Cherenkov circles with the M64 MAPMT. Before describing the experimental setups for this two exercises, we give a description of the MAPMT used. 
Description of the Multi-Anode Photomultiplier
The position-sensitive multi-anode PMT used for this laboratory course is the Hamamatsu R5900-M64 shown in Fig. 1 .
The Hamamatsu R5900-M64 multi-anode photomultiplier tube has 64 separate anodes arranged in an 8x8 array with each anode having a 2mm x 2mm active area. The tube has an 0.8mm thick borosilicate glass window over a bialkali photocathode. The MAPMT is capable of resolving single photoelectron signals. The dark count for the MAPMT is 5 counts/anode/second at room temperature; it produces an accidental trigger rate which is negligible. The quantum efficiency at 420nm, defined as the ratio of the number of photoelectrons ejected from the photocathode to the number of photons incident on the MAPMT, is around 25% [6] .
The dynode system in this multi-anode PMT is very different from conventional single-anode PMTs. It consists of foils with specially shaped channels where multiplication of the number of electrons occurs as shown schematically in Fig. 2 . This MAPMT has 12 dynode-stages allowing multiplication gains typically above 10 6 when operated at 900 volts. This multi-anode PMT possess the special feature that the 12th dynode is common to the 64 anodes an is connected by a lead through the glass to the exterior case of the MAPMT. This common signal from the 12th dynode is used to trigger the DAQ system. The anode dark current is mainly below 200 nA [6] . Attention must be paid not to exceed the maximum allowed voltage of 1000 V for this MAPMT and the maximum allowed current of 0.01 mA [6] .
Of special relevance for Cherenkov ring imaging is the position resolution of this type of MAPMTs, which is determined by the anode pad size, i.e., 2 x 2 mm 2 in the case of the M64 MAPMT used. Cross-talk among adjacent channels is small and the response across the photocathode surface is uniform within a 10% level [6] . According to specifications [6] , the pulse rise time is ∼ = 1 ns, allowing them to be used for timing purposes. This MAPMT's high segmentation (64 channels) jointly with its low crosstalk and fast response were the main criteria that we used to select this MAPMT for this experiment. 
Experimental setup used to measure the response of a multi-anode photomultiplier to a uniform source of light
The experimental setup for measuring the response of the MAPMT to a uniform source of light is shown in Fig. 3 .
Light from the UV-light emitting diode is reflected by tyvek sheet located at the top of the light-tight cylindrical enclosure containing the light source, the tyvek reflector and the MAPMT; this ensures a uniform illumination of all the 64 channels of the multianode PMT. The latter is plugged into a MAPMT base. This base consists of a resistor chain used as a voltage divider as shown in Fig. 4 . In some cases, potentiometers are provided for adjusting the voltage on the electrodes for focusing the photoelectrons to the first dynode and capacitors or Zener diodes to stabilize the voltage on the last dynodes in case of high rate and high gain operation. High voltage is provided by connecting a HV power supply by using a cable to the MAPMT base. Cables are also used to connect the 64 anode channels to the electronics which consists of amplifiers, discriminators and an ADC system located outside of the detector enclosure.
The signals from the 64 anodes of the MAPMT are read out with a 64-channel homemade FADC multiplexed electronics, see Fig. 5 . This DAQ system is read out into the PC by using one of its parallel ports. The data acquisition process is controlled with a LabView-based program. The average amplitude is recorded as a function of position, as shown in Fig. 6 . From these results we may obtain, in addition to the uniformity of pad response, also the magnitude of cross-talk signals between adjacent pads. 
Experimental setup used to detect Cherenkov circles
The DAQ system used to read out the signals from the 64 anodes of the MAPMT is shown in Fig. 5 . Display of Cherenkov circles is done by using appropriate thresholds to guarantee that the signal is above noise on the individual channels.
In this laboratory course we detected the Cherenkov photons radiated by high energy muons in a radiator borosilicate glass of .5 cm thickness and refractive index of 1.47. In contrast with normal glass, borosilicate glass is transparent to UV light. The schematic diagram of the setup used is shown in Fig. 7 and Fig. 8 is a photograph of this setup. The PMT borosilicate glass window is in good optical contact with the radiator glass by means of optical liquid; this is very important to avoid total internal reflection of the Cherenkov light inside the radiator glass.
According to formula (1), muons with β 1 traversing a glass with an index of refraction n = 1.47 and a thickness L, radiate Cherenkov photons in cones with θ c = arccos(1/n) = 822 mrad. As shown in Fig. 7 , these cones intersect the PMT window in circles (assuming vertical muons) of radius
Therefore we expect a radius R = 0.54 cm for a radiator thickness L = 0.5 cm. Fig. 9 and Fig. 10 show the reconstructed Cherenkov circles on the left and the digitized MAPMT traces for 32 out of the 64 channels of the MAPMT for two events taken with the setup shown schematically in Fig. 7 . The radius of the Cherenkov circle from these figures is consistent with the value R = 0.54 cm that we expect for (vertical) muons with 
CONCLUSION
We have described the laboratory course given at the X Mexican Workshop on Particles and Fields. The main purpose of this exercise is to introduce the students to work with position-sensitive multi-anode PMTs which can be used for detection of single photons, such as in the case of this experiment. We used a MAPMT of 64 anode channels. We have given a short introduction to MAPMTs. We have shown the setup and the procedure used to measure the response of the MAPMT to a uniform source of light. We have also described the setup and procedure used to measure the Cherenkov rings produced by cosmic muons upon traversal of a simple glass radiator system.
